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There has been an increasing number of anaerobic digesters on livestock farms in the 
United States during the past two decades. Anaerobic digestion of manure allows 
production of renewable energy and generation of stabilized and nutrient-rich digestate 
that can be used as organic fertilizer. However, the majority of the existed studies using 
liquid digestate as fertilizer only focused on the effectiveness for crop yield, nutrient 
content and microorganism in soil. There is insufficient understanding in the 
environmental impact of digestate land-application. This laboratory study used six 
treatments including four different liquid digestate treatments, a chemical fertilizer 
treatment, and an unfertilized treatment with four replicates each. It was designed to 
investigate whether, when compared with chemical fertilizer, liquid digestate could 
reduce the volume, sediment, and nutrient (nitrate, ammonium, total Kjehldahl nitrogen, 
dissolved reactive phosphorus, and total phosphorus) losses from runoff and leachate 
after the first rainfall simulation (rainfall occurred within 24 hours after the treatments 
were made), and also the cumulative nutrient losses after nine rainfall simulations. The 
results showed that compared with chemical fertilizer, liquid digestate treatments did not 
cause higher losses of volume and sediment for both runoff and leachate. After the first 
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rainfall simulation, except that the treatment with liquid digestate from digester 3 (D3) 
had higher ammonium and total Kjehldahl nitrogen losses than chemical fertilizer from 
runoff, application of other liquid digestate treatments did not cause more nutrient losses 
than chemical fertilizer from both runoff and leachate. And liquid digestate treatments 
even reduced the losses of phosphorus species from runoff (p ? 0.02). After nine rainfall 
simulations, except for the reduction of total Kjehldahl nitrogen, application of liquid 
digestate did not ameliorate the nutrient losses from leachate and even caused more 
losses for nitrate. None of the liquid digestate treatments caused higher losses of nitrogen 
species from runoff (apart from D3 for ammonium loss) compared with chemical 
fertilizer treatment. Application of liquid digestate significantly reduced the phosphorus 






1.1 The Importance of This Study 
As the increasing demand for dairy production, more and more dairy cows were raised at 
the U.S. farms. The numbers of dairy cows reached 9.221, 9.256, and 9.315 million in 
2013, 2014, and 2015, respectively (USDA-ERS, 2015&2016). The increasing livestock 
has led to new challenges for dairy manure storage, management, and disposal. Since 
manure is rich in macronutrients (nitrogen, phosphorus, potassium, calcium, magnesium, 
and sulfur) and micronutrients (copper, iron, zinc, and manganese), which are beneficial 
to plant growth, the most common way of using manure is to apply it as fertilizer. There 
were 8.3 million tons of nitrogen and 2.5 million tons of phosphorus from manure in the 
U.S. each year, and manure application can ameliorate soil quality (USDA-ARS, 2009), 
which made manure as an ideal nutrient source. 
 
However, several problems are raised with using raw manure as fertilizer directly. One of 
the biggest problems is odor nuisance. Raw manure can give out offensive and intensive 
odor, which is associated with the formation of volatile fatty acids (Page et al., 2014). 
Another problem is that raw manure contains plenty of pathogens like Escherichia coli 
(E. coli), Cryptosporidium parvum, and Giardia duodenalis (Crohn et al., 2000), which 
are harmful to human health. The unstable property of manure also makes it less efficient 
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for  plant growth. The problem that raises a lot of concerns is the potential threat of 
animal manure to water quality. Quite a few publications in the literature discussed the 
water contamination like eutrophication (mainly due to phosphorus) and nitrate leaching 
caused by the land-application of dairy manure (e.g., Hubbard & Lawrance, 1998; 
Verbree et al., 2010; Deubler et al., 2012).   
 
There has been an increasing number of anaerobic digesters in livestock farms in the 
United States during the past two decades. By May 2015, there have already been a total 
of 247 operational anaerobic digesters used on large livestock and poultry farms. The 
numbers of digesters in each category of animal species were shown in Table 1 (USEPA, 
2015), which indicats that the overwhelming majority of anaerobic digesters use dairy 
manure as feedstock. Anaerobic digestion of manure allows production of renewable 
energy that can be used to generate electricity and heat. After anaerobic digestion, raw 
manure is converted to more stable digestate that is both nutrient-rich and with lower 
pathogen loading (Saunders et al., 2011). Using digestate as fertilizer not only solves the 
problem for anaerobic digestate disposal, but also reduces the high cost of using chemical 
fertilizers. 
Table 1. Numbers of digesters using manure of different animal production systems in the 
U.S. by May 2015 









As solid digestate could be more suitable for soil amendment, liquid digestate, the liquid 
fraction after solid-liquid separation, had greater potential to be fertilizer compared with 
the former. Plenty of studies from different countries have illustrated that anaerobic 
digestate (including liquid digestate) was at least as effective as commercial fertilizers 
(Lam et al., 2002; Furukawa & Hasegawa, 2006; Haraldsen et al., 2011). Local farmers 
also use liquid digestate as fertilizer for crop growth, which makes the treatments in this 
study more representative. However, the environmental effects of liquid digestate 
application as fertilizers were still not clear, especially when a rainfall event happens 
soon after the application is made. Rainfalls could cause significant nutrient losses in 
runoff and leachate, potentially contaminate the aquatic environment, as well as reduce 
beneficial nutrient elements for crop growth. A comprehensive comparison between 
liquid digestate and chemical fertilizer is needed after a six-month period application. 
This can improve our understanding of the nutrient value and environmental effects of 
the liquid digestate.      
 
1.2 Objectives 
The goal of this study was to improve understanding of the nutrient losses from runoff 
and leachate after application of anaerobic liquid digestate through investigating the 
impacts of rainfall simulations.  The experiment was designed to see whether, compared 
with chemical fertilizer, liquid digestate could reduce the nutrient losses from runoff and 
leachate for a six-month period. The results from this study will provide a better 
understanding of liquid digestate application as fertilizer that could help to put 
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agricultural-economic and environmental goals in harmony. The specific objectives of 
this study were to: 
1). Demonstrate the effects of application of liquid digestate as fertilizers on 
measurement variables, including volume of runoff and leachate, sediment losses for 
runoff, nitrate, ammonium, total Kjehldahl nitrogen, dissolved reactive phosphorus, and 
total phosphorus from runoff and leachate after the first rainfall simulation, which was 
the first rainfall simulation occurred within 24 hours after the treatments were made.  
2). Determine the cumulative nutrient losses at the end of total nine rainfall simulations 
using the measurement variables aforementioned between liquid digestate and chemical 
fertilizer treatments. 
 
1.3 Thesis Outline 
This thesis is comprised of five chapters. The first chapter is an introduction of the 
significance and objectives of the study. The second chapter is a literature review that 
summaries the previous studies and the current research needs. In the third chapter, 
materials and methods of this study are depicted in details. The fourth chapter exhibits 
and discusses the results. It focuses on comparing different measurement variables of 
various treatments for runoff and leachate, and then presents the evaluation results of the 
overall effects of liquid digestate application. The last chapter concludes the findings of 






CHAPTER 2. LITERATURE REVIEW 
2.1 Organic Fertilizers for Soil  
Conventional agriculture that depends on chemical fertilizers is generally considered to 
potentially deteriorate the environment (Hue & Silva, 2000). Overuse of chemical 
fertilizers can reduce the fertility of soil and lead to negative effects for living 
environment. Organic fertilizers can not only provide adequate nutrients for plants, but 
also potentially maintain or improve the physicochemical and biological properties of 
soil, so as to ameliorate soil quality and increase crop yield. In long-term, organic 
fertilizers can increase organic carbon amount by 1.9 and more than 2 times compared 
with unfertilized soil and chemical fertilizer application, respectively (Diacono & 
Montemurro, 2010). Organic fertilizers contain more macronutrient and micronutrient 
that are beneficial to plants growth. Their slow nutrient release process also made them 
ideal for increasing crop yield in the following years. These notable advantages made 
organic fertilizers popular in agricultural practices. 
 
Manure is a traditional organic fertilizer that is widely utilized. From a long-term study in 
Alberta, Canada (Whalen & Chang, 2002), beef cattle manure was applied to clay loam 
soil to determine the effects for macroaggregate and nutrient content in soil after 25 years 
of application. Another long-term study (six years), conducted by Lafleur et al. (2012), 
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showed that application of hog manure to hybrid poplar plantations greatly increased 
poplar growth and did not cause significant changes of nitrate and phosphate 
concentration in soil solution. Animal manure was applied to sandy loam soil to 
investigate its environmental effects such as ammonia emissions, phytate in runoff and 
soil phosphorus in leachate ( Sommer et al. 2006; Rippner et al. 2015; Stutter, 2015). 
Sommer et al. found that digested pig slurry had higher ammonia emissions than raw pig 
slurry; Rippner et al.  concluded that phytate was under detection limit in runoff; ??????????
results showed that poultry litter caused more phosphorus losses in runoff.  
 
Composting can convert fresh waste like green waste, industrial waste, food waste and 
animal manure into a more stable material with less pathogen loading. Several compost 
fertilizers were studied for their effects on the chemical and microbiological properties of 
silty loam soil in Linz, Austria (Ros et al., 2006). The researchers concluded that compost 
could increase the organic carbon and total nitrogen content in soil. Laboratory and field 
studies used rainfall simulations with application of dairy manure compost were 
investigated for different nitrogen and phosphorus species in runoff and leachate 
(Johnson et al., 2006; Sharpley & Moyer, 2000). The popularity of compost studies was 
not only due to the instant advantages that compost had for current cropping season, 
according to the review by Diacono and Montemurro (2010), compost could also store 





Sewage sludge has rich organic matter and nutrients that can promote plant growth. 
However, due to the sources of sewage sludge, it always contains various metal elements 
like zinc, copper, aluminum, lead, magnesium etc., or may have excess nutrients, which 
can potentially contaminate environment. Thus, for the studies of using sewage sludge as 
soil fertilizer, effectiveness of nutrients and impacts of heavy metals for crop growth 
were usually discussed simultaneously. A long-term study in Spain utilized municipal 
sewage sludge on sandy loam soil showed that there was greater potential for 
orthophosphate and copper leaching (Kidd et al., 2007). Content of nitrogen species in 
runoff was studied after sewage sludge application for lateritic red soil in Fujian, China 
(Chen et al., 2012). The results showed that for sludge treatment, nitrogen losses were 
mainly in the dissolved form. Apart from nitrogen losses in runoff, Antonious et al. 
(2008) also investigated heavy metals in runoff and physicochemical properties in silty 
loam soil after using sewage sludge. The results indicated that only Cd concentration was 
below maximum contaminant level, and soil properties were ameliorated when sewage 
sludge was combined with yard waste compost.   
 
These three types of organic fertilizers mentioned above have been broadly investigated 
all over the world. However, as the products of anaerobic digestion process, digestate and 
liquid digestate were less studied for their utility as fertilizers for crop growth.  
 
2.2 Previous Studies on Liquid Digestate as Fertilizers 
Liquid digestate has great potential to be utilized as fertilizer for crop growth, however, 
compared with the organic fertilizers aforementioned, liquid digestate from animal 
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manure was less studied. Table 2 shows representative studies for the liquid digestate 
from animal manure applied as organic fertilizer. So far, the majority of the studies using 
liquid digestate as fertilizer only focused on the effectiveness for crop yield, nutrient 
content and microorganism in soil, and greenhouse gas emission to the atmosphere. In a 
review paper, Möller & Müller (2012) stated that no research was found to investigate the 
phosphorus losses in runoff and leachate after field application of anaerobic digestate. 
There is no publication that comprehensively investigate both the nitrogen and 
phosphorus losses in not only runoff but also leachate from land-application of liquid 
digestate obtained from animal manure. 
Table 2. Representative studies on application of liquid digestate from manure digesters 
as fertilizers  
Feedstock 
to digesters Soil texture 
Trial  
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2.3 First Rainfall Event Occurred within 24 hours 
Timing of fertilizer application is extremely important for agricultural production because 
rainfall events determine how much nutrient would be washed off, and how much could 
be retained in soil to support the growth of crops. It has been reported that the first 
rainfall event after land-application of fertilizers could cause much higher nutrients losses 
in runoff than the subsequent rainfalls (Bush & Austin, 2001; Edwards & Daniel, 1992; 
Schroeder et al., 2004). Due to unpredictable weather, the first rainfall event happens 
within 24 hours after application of fertilizers, is worth investigating. This type of 
investigation can provide information to improve fertilizer application and protection of 
aquatic environment. 
 
Several studies have investigated nutrients in runoff from application of swine manure 
(Allen & Mallarino, 2008; Smith et al., 2007), dairy manure (Gali et al., 2012; Johnson et 
al., 2006; Peyton et al., 2016) and poultry litter (Schroeder et al., 2004; Sistani et al., 
2009; Smith et al., 2007) with rainfall events occurred within one day after the 
fertilization. All of the aforementioned publications indicated that nutrient losses 
decreased as the interval between manure application and the first rainfall event 
Table 2 continued. 
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increased. However, these studies only investigated nutrient losses in runoff but not in 
leachate. Among these papers, only Smith et al. (2007) used chemical fertilizer as 
comparison with the manure fertilizers (swine manure and poultry litter). Their results 
showed that for soluble phosphorus and ammonium in runoff, swine manure treatment 
had higher concentrations than chemical fertilizer treatment, whereas poultry litter 
treatment had the lowest concentrations. This was due to the different physicochemical 
and biological properties of these two types of manure.  
 
So far, scientific studies on the nutrient losses in runoff and leachate after application of 
liquid digestate from dairy manure digesters have not been found in the literature. 
Because of the increasing implementation of anaerobic digestion technology in the U.S. 
agriculture and the large proportion of operational digesters on dairy farms, studies in this 













CHAPTER 3. MATERIAL AND METHODS
3.1 Soil and Soil Trays 
The soil used for this study was collected from top 5-10 cm soil at the Throckmorton 
Purdue Agricultural Center (TPAC), which is located in Lafayette, Indiana, and was 
transported to the USDA-ARS National Soil Erosion Research Lab (NSERL) in West 
Lafayette, Indiana. The texture of soil was silty loam. After it was transported to NSERL, 
the soil was sieved to pass a #8 sieve (2.4 mm opening), and air dried before used for 
laboratory rainfall simulations. To facilitate and better control sample collection, soil 
trays (Figure 1) with dimension of 1.0 m long x 0.2 m wide x 0.1 m deep were used in 
this study. The trays were positioned on shelves with a 3% slope to facilitate the runoff 
sample collection. Dried and sieved soil was packed into the soil trays to a bulk density 
of 1.3 g cm-3 with soil layer depth of 0.05 m (Figure 1). To achieve the desired bulk 
density and assure the density was consistent inside a soil tray, 2.6 kg soil was added and 
packed to one centimeter soil layer each time. Nutrient status of the study soil (Table 3) 





               
Figure 1. Soil trays before (left) and after soil packed (right) 
 
Table 3. Nutrient status of the study soil 
Nutrient Species Concentration (mg kg-1) 
Nitrate (NO3-N) 84.1 
Ammonia (NH4-N) 5.3 
Dissolved reactive phosphorus (DRP) 4.6 
Soil test phosphorus (soil P) 57.2 
 
 
3.2 Treatments Description and Digestate Characteristics 
Liquid digestate, the liquid fraction of digester effluent after solid-liquid separation, was 
collected from four manure digesters in Indiana. Digester 1 and Digester 2 were located 
at the same farm. Digester 1 is vertical plug flow design. Its feedstock was manure from 
3000 dairy cows.  Digester 2 is horizontal two-stage mixed plug flow design, with 
feedstock of manure from 9000 dairy cows. Digester 3 is horizontal mixed plug flow; and 
its feedstock was manure from 3500 dairy cows. Digester 4 had the same design as 
Digester 2, however, the feedstock for this digester was more complex because it was co-
14 
  
digestion of manure from 4500 beef cattle plus 800 swine, and agro-industrial wastes. A 
volume of 18.9 liters (5 gallons) of liquid digestate from each digester were sampled. The 
samples were transported to the NSERL and refrigerated at < 4 °C before they were 
applied to the soil surface. The nutrient concentration of different liquid digestate was 
shown in Table 4.  
 
Table 4. Nutrient concentrations of the liquid digestate from different digesters 






(mg L-1)   
Solid content 
(%) 
1 663 1482 88 1398 5.4 
2 836 1986 106 1878 7.0 
3 873 2700 119 2600 3.2 
4 5115 4490 302 4190 8.0 
 
 
3.3 Experimental Design 
There were a total of six treatments with four replicates each. Four of the treatments were 
liquid digestate from digesters 1, 2, 3 and 4. These treatments were denoted D1, D2, D3, 
and D4 treatments correspondingly. The additional two control treatments were used as 
the baseline comparisons for the four treatments stated above (Table 4). The first one was 
a fertilizer control (FC), with commercial nitrogen and phosphorus fertilizers applied. 
The second one was an unfertilized control (UC), with neither chemical fertilizer nor 
digestate applied. Apart from UC, all the other five treatments were applied with liquid 
digestate or chemical fertilizer at rates of 4000 mg tray-1 (200 kg ha-2) N and 1400 mg 
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tray-1 (56 kg ha-2) P2O5. The application rate was calculated based on phosphorus, thus 
urea-ammonium nitrate (UAN) was used to complement nitrogen element. 
Monoammonium phosphate (MAP) was used for FC treatment to provide the aimed 
phosphorus rate. Deionized water (DI water) was used to complement the volume of 
digestate applied to reach 1 liter per tray (Table 5).  
 












Volume of DI 
water (L tray-1) 
D1 0.739 51.636 6.456  0.261 
D2 0.586 55.011 6.309  0.414 
D3 0.561 72.932 5.529  0.439 
D4 0.096 20.060 7.830  0.904 
FC   8.700 1.920 1.000 
UC     1.000 
 
 
The first rainfall simulation was conducted within 24 hours after the treatments were 
made. The DI water was used as the water source, and the rainfall intensity was set to 50 
mm hr-1 lasting for 35 minutes until all the runoff samples were collected. The chosen 
rainfall intensity is relatively common in Lafayette, Indiana. For an average recurrence 
interval of five years, the precipitation is 46 mm (with lower and upper bound to be 42 
and 51 mm at 90% confidence interval) in a duration of 60 minutes (????????????????





3.5 Soil and Water Sample Analysis 
Soil samples were analyzed for NO3-N, NH4-N, soil P, and dissolved reactive phosphorus 
(DRP). Soil NO3-N and NH4-N were analyzed using the standard KCl extraction 
procedures (Sparks et al., 1996). Ten grams of soil was placed in a centrifuge tube and 50 
mL of 2M KCl extractant was added inside. Mehlich 3 procedure (Mehlich, 1984) was 
used to determine soil P. Three grams of soil were scooped into a centrifuge tube and 30 
mL of Mehlich 3 extracting solution was added. The DRP in soil was extracted by water 
(Cooperative & Bulletin, 2000). Three grams of soil was weighed out into a centrifuge 
tube and 30 mL of DI water was added. The centrifuge tubes were shaken for 30 minutes, 
5 minutes, and 1 hour at room temperature, respectively, for inorganic N, soil P, and DRP 
with a reciprocating shaker. The solid-liquid mixture was filtered through 0.45-µm 
millapore filter papers into labeled bottles (tubes for water extraction samples were 
centrifuged at 6000 rpm for 10 minutes before filtering). Five percent concentration 
H2SO4 was added into the filtrate to keep the pH below 2.0 in order to prevent 
precipitation of phosphate compounds. After acidification, the bottles were frozen at 0 ºC 
for later analysis. The KCl extracted samples were analyzed using Lachat QuikChem 
8500 (Lachat Instruments, Milwaukee, WI) (Figure 3 a). Mehlich 3 and water extracted 
samples were analyzed using ICP-OES 8300 (PerkinElmer, Waltham, MA) (Figure 3 b). 
 
Water (runoff & leachate) samples were analyzed for NO3-N, NH4-N, total Kjehldahl 
nitrogen (TKN), DRP, and total phosphorus (TP). The NO3-N, NH4-N, and DRP were 
analyzed using U.S. EPA methods 351.1, 350.1 Rev.2, and 365.2, respectively (U.S. 
EPA, 1983). For these soluble nutrient analyses (SNA), water samples were syringe 
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filtered with 0.45-µm filter papers, and acidified with 5% H2SO4 to maintain the pH 
below 2.0 before freezing the bottles in a freezer. Total nutrient analyses (TNA), which 
contained TKN and TP analyses, were performed using U.S. EPA method 351.2 Rev.2 
and 365.4 (U.S. EPA, 1983). The TNA samples were acidified and frozen before 
mercuric digestion. Filtered SNA and digested TNA samples were analyzed using 
Konelab Aquakem 200 (Thermo Fisher Scientific, Waltham, MA) (Figure 3 c). 
 
              






               a. Lachat QuikChem 8500                                           b. ICP-OES 8300 
 









c. Konelab Aquakem 200 
 
Figure 3. Instruments for nutrient analysis 
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3.6 Statistical Analysis 
In order to compare the treatment effects on volume, sediment, NO3-N, NH4-N, TKN, 
DRP, and TP losses from both runoff and leachate, analysis of variance (ANOVA) was 
conducted at a significance level of ? = 0.05 in IBM SPSS Statistics 22 software (IBM 
Corp., 2013).  ?????????????was performed ???????????? ??????????????????????????????
correlation coefficient was used to see the relationships between volume and sediment 





5), there were no significant differences (p > 0.681) for cumulative runoff losses among 
different treatments. This indicated that after a six-month period, difference between 
liquid digestate and chemical fertilizer did not affect the total runoff losses. 
 
 








c. Rainfall simulations 8 & 9 
 
Figure 4. Volume losses of runoff from rainfall simulations 4 to 9 under dry or wet soil 

































































Figure 5. Cumulative volume losses over the course for runoff 
 
The sediment losses in rainfall 1 had no significant difference among various treatments. 
However, at the end of the ninth rainfall simulation, D3 treatment tended to have the 
lowest cumulative loss of sediment (Figure 6), which was significantly lower than D1 (p 








































Figure 6. Cumulative sediment losses over the course for runoff 
 
The sediment losses had a significantly positive correlation with volume of runoff over 
the nine rainfall simulations for all the six treatments (r ? 0.949; p < 0.01) (Figure 7). 
This was in agreement with the results reported by Yagüe et al. (2011), who conducted a 
field study with application of dairy manure as fertilizer, and found strong relationship 
between sediment losses and volume of runoff (r = 0.97; p < 0.01). The ANOVA results 
(Table 6) showed that except for rainfall 6 and 8, there were significant differences (p = 
0.048 and p < 0.001) between treatments D3 and UC, for other treatments in these two 
rainfalls, and additional seven rainfall simulations, there were no significant differences 
(p > 0.076) among them for the sediment losses. These results indicate that in this study, 
sediment losses were greatly influenced by the volume of runoff, and the types of 



































Figure 7. Relationship between volume of runoff and sediment losses for six different 










for the reason of soil sealing (Bottom et al., 1986; Westerman et al., 1981). Figure 8 
showed that for rainfall simulations 4 to 9, compared with the dry condition, rainfalls 
under wet soil condition  caused significantly higher leachate losses (p ????????. This was 
because when the soil was under wet condition (just one day after the occurrence of 
rainfall simulation for dry soil trays), it was almost saturated when the rainfall simulation 
began. This led to an earlier start for the generation of leachate. For the cumulative 
volume of leachate after all nine rainfalls (Figure 9), the UC treatment tended to have the 
highest volume among all the treatments. It nearly reached 6000 mL. However, there 
were no statistically significant differences (p > 0.05) among all the treatments.  
 
 
a. Rainfall simulations 4 & 5                           b. Rainfall simulations 6 & 7 
    
c. Rainfall simulations 8 & 9 
Figure 8. Volume losses of leachate from rainfall simulations 4 to 9 under dry or wet soil 






























































charged, which is the same as soil clay and organic matter particles, thus a higher NO3-N 
load appeared from D1 and D2 treatments. 
 
 
Figure 10. Mass of NO3-N losses by each rainfall for runoff 
 
There were no significant differences of NO3-N losses among six treatments for rainfall 1 
(Table 7). For the cumulative NO3-N losses, D1 and D2 treatments, which were from the 
same farm and both had feedstock with only dairy manure, had significantly higher losses 
than UC treatment at the end of all the nine rainfall simulations (Table 7). This can be 
explained by the great increase of NO3-N losses for treatments D1 and D2 after rainfall 1. 
Wang et al. (2015) found that organic fertilizer had significantly higher gross nitrification 
rate than unfertilized control due to readily available organic nitrogen which could 
facilitate nitrification. The D3 and D4 treatments had no significant difference with FC 































Table 7. Average NO3-N losses from runoff and leachate of each treatment for the first 
rainfall simulation and cumulative results 
Rainfall simulation Treatment NO3-N in runoff  (mg)1,2 
NO3-N in leachate  
(mg)1,2 
Rainfall 1  D1 1.09 (0.49)a 157.31 (198.23)abc 
D2 1.48 (0.89)a 6.45 (12.9)b 
D3 2.09 (0.91)a 42.62 (85.24)bc 
D4 0.21 (0.02)a 301.77 (201.95)abc 
FC 0.42 (0.16)a 423.58 (77.13)a 
UC 0.8 (0.98)a 581.79 (98.53)a 




D1 51.97 (22.93)a 2821.12 (514.05)ab 
D2 55.89 (26.34)a 2659.95 (223.3)b 
D3 30.12 (11.2)ab 2383.92 (431.13)b 
D4 20.38 (0.37)ab 2658.43 (702.69)b 
FC 30.71 (10.17)ab 1170.51 (774.34)c 
UC 13.85 (3.75)b 1643.78 (298.82)c 
1
 Standard deviations are in parentheses 
2
 Means in each column followed by different letters are significantly different at p < 0.05 
 
 
4.2.1.2 Nitrate Nitrogen Losses from Leachate 
During the first rainfall (Figure 11), FC and UC treatments had significantly higher NO3-
N losses from leaching than D2 and D3 treatments (Table 7). The FC lost 66 times and 10 
times of NO3-N as much as D2 and D3 treatments, respectively, while these numbers 
were 90 times and 14 times for UC, which even lost more than the FC. However, for the 
cumulative mass of NO3-N (Figure 12), at the end of all the nine rainfalls, D1, D2, D3, 
and D4 treatments had significantly higher NO3-N losses (Table 7) than FC. For the 
liquid digestate treatments, the NO3-N losses were all above 2300 mg, however, this 




NO3-N losses for FC and UC dramatically decreased, and the slopes of cumulative curves 
(Figure 12) for FC and UC were generally lower than the four liquid digestate treatments.  
 
 
Figure 11. Mass of NO3-N losses by each rainfall for leachate 
 
 

























































Figure 14. Cumulative mass of NH4-N losses over the course for runoff 
 
The results indicated that if a rainfall happened to occur within 24 hours after liquid 
digestate or chemical fertilizer were applied, the losses for NH4-N would be the most in 
this rainfall compared with the following rainfalls. The drop of NH4-N losses from 
rainfall one to rainfall two can be explained by the nitrogen cycle. One of the main 
factors was ammonia emission. The first rainfall simulation was conducted within 24 
hours after the treatments were made, however, there was a 6-week interval between 
rainfall one and rainfall two. During this period, a great portion of NH4-N in soil could be 
converted to NH3 and escape into atmosphere through emissions. A review paper has 
drawn a conclusion that anaerobic digestate was prone to give out more NH3 emission 
when it was applied to soil (Nkoa, 2014). Another reason for the NH4-N reduction could 

































supported by the data in Figure 10, which shows that there was a rapid increase of NO3-N 
load from rainfall one to rainfall two. 
 
Treatment D3 was found to have significantly higher NH4-N losses than D1, D4, FC, and 
UC treatments in rainfall one (Table 8). This difference also appeared the same for the 
cumulative NH4-N losses at the end of all the rainfall simulations. Treatment D3 had  
higher losses than FC probably because digestate stimulated gaseous nitrogen losses, 
especially when the digestate was simply broadcasted on soil surface (Möller & Stinner, 
2009).  
Table 8. Average NH4-N losses from runoff and leachate of each treatment for the first 
rainfall simulation and cumulative results  
Rainfall 
simulation Treatment NH4-N in runoff (mg)
1,2
 NH4-N in leachate (mg)1,2 
Rainfall 1  D1 20.12 (10.29)a 2.3 (2.72)a 
D2 28.08 (12.96)ab 0.19 (0.37)a 
D3 48.82 (21.02)b 1.52 (3.04)a 
D4 2.94 (0.42)a 3.51 (2.68)a 
FC 15.53 (5.61)a 4.89 (1.96)a 
UC 0.89 (0.21)a 3.1 (0.88)a 




D1 33.81 (11.65)a 10.03 (5.71)a 
D2 41.1 (15.7)ab 10.97 (11.66)a 
D3 62.51 (19.58)b 15 (6.55)a 
D4 13.15 (0.03)a 6.24 (2.94)a 
FC 25.11 (6.01)a 6 (2.3)a 
UC 10.58 (1.46)a 5.06 (1.11)a 
1
 Standard deviations are in parentheses 
2





4.2.2.2 Ammonium Nitrogen Losses from Leachate 
Due to the large variation among replicates for different treatments, the NH4-N losses for 
rainfall one and the cumulative losses at the end of nine rainfall simulations had no 
statistical differences among all the treatments (Table 8). However, compared with the 
cumulative NH4-N runoff losses for liquid digestate and chemical treatments, which 
ranged from 10 to 63 mg (Figure 14), the cumulative losses from leachate were much 
lower with the scope of 5 to 15 mg for all the treatments (Figure 15). Compared with 
rainfall 1, in rainfall 2, there were notable increases of NH4-N losses for treatments D1, 
D2 and D3 in leachate. This was because during the period between rainfall 1 and 2, the 
organic nitrogen in soil from liquid digestate was converted to NH4-N through 
mineralization process. Because this part of NH4-N was underneath the top surface, 
relative to that within top surface soil, less ammonium was emitted to the atmosphere.   
 
 




































During rainfall one, the differences of TKN losses among various treatments were very 
similar to those of NH4-N losses for runoff. These differences appeared that D3 had 
significantly higher TKN losses than treatments D4, FC, and UC. However, for the 
cumulative losses of TKN, no statistically significant differences were found among six 
treatments (Table 9).    
 
Table 9. Average TKN losses from runoff and leachate of each treatment for the first 
rainfall simulation and cumulative results  
Rainfall simulation Treatment TKN in runoff (mg)1,2 TKN in leachate  (mg)1,2 
Rainfall 1  D1 88.37 (43.45)ab 112.23 (204.8)a 
D2 94.54 (74.03)ab 1.48 (2.97)a 
D3 134.75 (56.61)a 14.43 (28.87)a 
D4 12.76 (2.49)b 243.12 (238.66)ab 
FC 27.24 (6.69)b 706.86 (434.4)b 
UC 6.47 (1.92)b 0.68 (1.17)a 
Rainfall 1 to rainfall 9 
(cumulative losses) 
D1 323.57 (43.42)a 112.36 (204.7)a 
D2 337.32 (107.8)a 1.87 (2.81)a 
D3 318.32 (48.81)a 14.43 (28.87)a 
D4 306.05 (54.3)a 243.12 (238.66)ab 
FC 301.95 (18.91)a 706.86 (434.4)b 
UC 283.96 (67.85)a 0.87 (1.07)a 
1
 Standard deviations are in parentheses 
2
 Means in each column followed by different letters are significantly different at p < 0.05 
 
4.2.3.2 Total Kjehldahl Nitrogen Losses from Leachate 
Nearly all of the cumulative TKN over the course of nine rainfall simulations was lost 
during the first rainfall simulation (Figure 17). No significant changes for TKN in 




statistically significant higher TKN losses (Table 9) than D1, D2, D3, and UC treatments 
for rainfall one. This difference was also observed in cumulative TKN losses at the end of 
the nine rainfall simulations. UAN is a solution composed of urea [CO(NH2)2] and 
ammonium nitrate. The fractions of NO3-N and NH4-N are both 25% of the total nitrogen 
in UAN. Urea, an organic nitrogen, accounts for 50% of the total nitrogen. For UC 
treatment after rainfall one, only 0.68 mg of TKN was lost through leachate. This means 
after the rainfall, not much organic nitrogen was lost just from the original soil. 
Consequently, for FC treatment, the majority of organic nitrogen loss was from urea. If a 
rainfall event occurs soon after fertilizer application, a chemical fertilizer might be less 
effective due to the very high losses of TKN. This would not only reduce the organic 
nitrogen that can be used for future plant growth, but also increase the risk of 














































Figure 18. Cumulative mass of DRP losses over the course for runoff 
 
Table 10. Average DRP and TP losses from runoff of each treatment for the first 
rainfall simulation and cumulative results 
Rainfall simulation Treatment DRP in runoff (mg)1,2 TP in runoff (mg) 1,2 
Rainfall 1  D1 7.95 (5.29)a 19 (9.06)a 
D2 15.68 (8.75)a 23.84 (13.95)a 
D3 11.8 (7.53)a 27.05 (13.26)ab 
D4 1.55 (0.23)a 10.79 (1.39)a 
FC 35.06 (11.56)b 54.61 (23.28)b 
UC 0.48 (0.32)a 4.19 (1.42)a 
Rainfall 1 to rainfall 9 
(cumulative losses) 
D1 14.22 (5.63)a 141.62 (9.42)a 
D2 22.48 (10.42)a 134.82 (34.47)a 
D3 19.05 (6.66)a 122.82 (8.34)a 
D4 6.91 (0.96)a 171.8 (26.99)ab 
FC 45.04 (12.21)b 211.25 (29.27)b 
UC 3.92 (0.92)a 135.29 (30.56)a 
1
 Standard deviations are in parentheses 
2


































4.3.1.2 Total Phosphorus Losses 
During the first rainfall, treatment FC had significantly higher TP losses (Table 10) than 
D1, D2, D4, and UC treatments. This was probably due to the higher DRP mass in FC 
treatment. For the cumulative TP losses at the end of nine rainfall simulations (Figure 
19), significantly higher losses were observed for FC compared with D1, D2, D3, and UC 
treatments (Table 10). In addition to the reason of DRP, higher sediment loss in FC 
compared with D3 treatment could also have caused more TP losses.  
 
 































Table 11. Average DRP and TP losses from leachate of each treatment for the 
first rainfall simulation and cumulative results 
Rainfall simulation Treatment DRP in leachate (mg)1,2  TP in leachate (mg)1,2 
Rainfall 1  D1 0.3 (0.38)ab 0.85 (1.01)a 
D2 0.02 (0.04)a 0.05 (0.09)a 
D3 0.13 (0.26)ab 0.38 (0.75)a 
D4 0.54 (0.58)ab 1.2 (1.02)a 
FC 1.17 (0.8)b 1.69 (0.74)a 
UC 0.89 (0.45)ab 2.29 (0.8)a 
Rainfall 1 to rainfall 9 
(cumulative losses) 
D1 1 (0.34)a 2.97 (0.97)a 
D2 0.78 (0.36)a 2.2 (1.04)a 
D3 0.99 (0.32)a 2.75 (0.87)a 
D4 1.02 (0.56)a 2.52 (1.11)a 
FC 1.4 (0.87)a 2.33 (0.88)a 
UC 1.39 (0.45)a 3.41 (1.01)a 
1
 Standard deviations are in parentheses 
2
 Means in each column followed by different letters are significantly different at p < 0.05 
 
4.3.2.2 Total Phosphorus Losses 
For TP losses in rainfall one (Figure 21), significant difference appeared between 
treatment D2 and UC, and also between D3 and UC (Table 11). The mass of TP loss was 
the product of volume of leachate and average TP concentration. Although without 
application of digestate or chemical fertilizer, which led to low TP concentration in UC 
treatment, the volume of leachate for UC was much higher than other treatments as 
mentioned above. This could explain the high TP loss for UC treatment. Like DRP 
losses, the cumulative TP losses at the end of the experiment for leachate had no 







Figure 21. Cumulative mass of TP losses over the course for leachate 
 
 
4.4 Comparison of the First Rainfall Simulation 
The significant difference for volume of runoff losses appeared between treatments D3 
and D4, which might due largely to the sources of feedstock. Sediment losses were not 
affected by various types of treatments. Figure 22 shows the nutrient losses from both 
runoff and leachate for four digestate and FC treatments after the first rainfall simulation. 
For nitrogen species, no significant differences were observed for NO3-N. However, D3 
treatment had higher NH4-N losses than treatments D1, D4 and FC, and also lost more 
TKN than treatments D4, FC, and UC. For phosphorus species, FC had significantly 
higher DRP losses than any other treatments and was 4, 2, 3 and 22 times as much as 
those of treatments D1, D2, D3, and D4, respectively. Loss of DRP, which is the most 































deficiency for crop growth. The FC also had higher TP losses than other treatments with 
the exception of treatment D3, which would have potential risk for watershed around 
farmland. The results for runoff during the first rainfall simulation suggested that apart 
from D3 treatment, which caused higher nitrogen losses, application of liquid digestate 
treatments D1, D2, and D4 would not increase nitrogen pollution compared with 
chemical fertilizer. ??????? ???, liquid digestate could reduce the phosphorus losses and 
retain more phosphorus nutrient to crop growth during the growing season. This could be 
beneficial to the watershed protection.  
 
For leachate, UC treatment had the highest losses for volume. For nitrogen species, FC 
had higher NO3-N losses than D2 and D3 treatments. Although there were no statistical 
differences on NH4-N losses among all the treatments, FC had significantly higher TKN 
losses than D1, D2 and D3 treatments. For phosphorus species, FC had higher DRP 
losses than D2, but other than that, no significant differences for phosphorus were 
observed among FC and other liquid digestate treatments. To sum up, application of 






Figure 22. Nutrient losses from runoff and leachate after the first rainfall simulation 
 
 
4.5 Comparison of Cumulative Losses from Nine Rainfall Simulations 
For runoff, after nine rainfall simulations, the volumes of runoff were similar among all 
the six treatments. However, treatment D3 had lower sediment losses than D1 and FC 
treatments. Figure 23 shows the total nutrient losses from both runoff and leachate for 
four digestate and FC treatments after all the nine rainfall simulations. For nitrogen 
species, no significant differences were observed among liquid digestate treatments and 
FC for NO3-N and TKN losses. Nonetheless, D3 lost more NH4-N than D1, D4 and FC. 
This was consistent with the results of NH4-N losses from runoff during the first rainfall 
simulation. On the other hand, for phosphorus species, FC treatment lost the largest 
amount of DRP. The TP loss of FC was also the highest among all treatments except for 
treatment D4. The results indicated that although with lower sediment loss than D1 and 
















































































and FC, respectively. For phosphorus, liquid digestate treatments could reduce the DRP 
and TP losses for runoff as the results appeared under the first rainfall simulation.   
 
For leachate, no statistically significant differences were obtained for volume of leachate 
losses, NH4-N losses, and phosphorus species losses due to the considerable variation 
among the replicates for each treatment. Nevertheless, FC had lower NO3-N loss than 
liquid digestate treatments. Contrary, D1, D2, and D3 treatments lost less TKN than 
chemical fertilizer.  
 
 














































































4.6 Comprehensive Comparison of Treatment Effects on Nutrient Losses from Runoff 
and Leachate  
Regarding the prevention of nutrient pollution from runoff and apart from D3 treatment, 
which had higher NH4-N and TKN losses, other liquid digestate treatments had no 
significant differences compared with chemical fertilizer in volumes of runoff, sediment 
losses, and nitrogen species (NO3-N, NH4-N, and TKN). The remarkable benefit of using 
liquid digestate as fertilizers was that the phosphorus (DRP and TP) losses could be 
decreased. This would prevent the eutrophication problem and could be propitious to 
crop growth. Application of liquid digestate caused no significant differences in volume 
of leachate and NH4-N losses compared with chemical fertilizer; but the phosphorus 
losses were not ameliorated like the runoff results. Losses of TKN from FC treatment 
were 6, 371, and 50 times as much as D1, D2, and D3 treatments. However, cumulative 
NO3-N losses after application of these treatments were even higher than chemical 
fertilizer at the end of nine rainfall simulations. This was because using anaerobic 
digestate as fertilizer could stimulate the nitrification process (Odlare et al., 2008), which 
converted more ammonium into nitrate. Several field studies with application of 
anaerobic digestate as fertilizers have reported that for leachate, NO3-N was the main 
component of total nitrogen losses (Murphy et al., 2000; Svoboda et al., 2013; Kessel et 
al., 2002; Wachendorf et al., 2006). It was also the case for this study, the cumulative 
NO3-N losses for leachate were all above 1000 mg at the end of nine rainfall simulations, 
and the treatments D1, D2, D3, and D4 had much higher losses with the lowest value to 





CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS  
FOR FUTURE RESEARCH
5.1 Conclusions 
1. Compared with chemical fertilizer, liquid digestate treatments did not cause more 
losses of volumes of both runoff and leachate. In most of the cases, all the 
treatments had higher losses for runoff and leachate when soil was under wet 
condition. This consequently caused more nutrient losses from soil trays. 
2. Application of different treatments was not the main reason for the discrepancy of 
sediment losses, which had significant and positive correlation with and was 
mainly affected by the volumes of runoff losses. This indicates that application of 
liquid digestate as substitute for chemical fertilizer would not increase the 
sediment losses. 
3. In the first rainfall simulation, during which a rainfall happened within 24 hours 
after fertilizer application was made, expect that D3 had higher NH4-N and TKN 
losses than chemical fertilizer from runoff, application of other liquid digestate 
treatments did not cause more nutrient losses than chemical fertilizer from both 
runoff and leachate. Liquid digestate treatments even reduced the losses of 
phosphorus species from runoff and NO3-N and TKN losses from leachate. 
4. After nine rainfall simulations over six months, none of the liquid digestate 




D3 for NH4-N loss) compared with chemical fertilizer. ??????? ???, liquid 
digestate reduced the phosphorus losses. This could better protect watershed from 
eutrophication. Except for the reduction of TKN, application of liquid digestate 




5.2 Recommendations for Future Research 
This study not only generated one of the most comprehensive datasets among similar 
investigations and new understanding of nutrient losses from both runoff and leachate 
after liquid digestate application, but also provided valuable experiences for us to 
improve future research. Based on what we learned in the experiments, the following 
recommendations are made.  
? Soil samples were not collected during rainfall simulations 2 to 8, due to the 
deficiency of soil amount in each soil tray. Thus, consideration need to be taken 
when determine the total amount of soil being put in the soil trays to ensure there 
will be enough soil samples being taken after each rainfall simulation and will not 
affect the subsequent experiments. 
? In this study, NO3-N, NH4-N, DRP, and soil P were determined for soil samples; 
NO3-N, TKN, TN, and TP were measured for liquid digestate sample; however, 
more measurement variables were determined for water samples. Measurement of 




leachate) samples. Equivalent measurement of nutrient species in different media 
can be helpful to the analysis of nutrient mass balance. 
? More measurement variables could be included during the experiments. In this 
study, part of the losses of nitrogen were due to the release of ammonia. 
Consequently, monitoring ammonia emissions will be beneficial to understand the 
nitrogen balance. Meanwhile, more physiochemical properties of soil like pH, 
temperature and carbon-to-nitrogen ratio are needed to have a better 
understanding of nutrient transformation process.   
? There was a six-week interval between rainfalls one and two, however, nutrient 
transformation could happen within one week. Thus, although there might not be 
experiments conducted during the period of two rainfall simulations, soil samples 
could be taken for nutrient analysis, which could help to explain the dynamics of 
nutrient losses in a relatively short period. 
? In this study, treatment D3 had higher losses of NH4-N and TKN in runoff, 
although the feedstock for D3 was the same as treatment D1 and D2 (dairy 
manure). More information like storage conditions for digestate, and 
comprehensive chemical properties (pH, temperature, concentration for 
macronutrients and micronutrients, etc.) of liquid digestate are needed for future 
study to distinguish the discrepancies among different digestate.
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This appendix shows the data collected from the experiment.  
 
Table A.1. Measurement Variables for Runoff 



























D1 1 1 2.209 6.904 44.791 8.014 2.370 0.653 9.166 
D1 7 1 3.228 29.251 147.171 29.746 14.150 1.349 33.734 
D1 12 1 2.307 19.510 70.962 16.914 4.983 1.661 16.669 
D1 14 1 3.178 16.805 90.547 21.341 10.298 0.703 20.919 
D2 5 1 2.812 21.881 197.931 33.606 15.569 1.095 42.225 
D2 6 1 3.482 21.561 97.109 37.946 15.338 1.498 35.924 
D2 11 1 2.750 14.243 33.502 13.449 26.622 0.618 16.481 
D2 16 1 2.650 6.400 49.623 10.369 5.208 2.699 17.688 
D3 3 1 3.307 16.299 217.022 46.567 23.038 2.700 78.578 
D3 17 1 3.018 13.226 91.401 23.425 9.203 1.233 46.127 
D3 18 1 3.281 16.820 125.479 17.263 7.666 1.377 29.505 
D3 19 1 3.848 15.553 105.092 20.945 7.312 3.035 41.080 
D4 4 1 2.192 8.519 15.008 11.481 1.325 0.212 2.488 
D4 9 1 2.539 12.080 13.608 9.706 1.673 N/A 3.666 
D4 21 1 2.296 6.529 10.085 9.191 1.550 0.195 2.426 
D4 23 1 2.582 9.201 13.195 11.700 1.789 0.230 3.185 
FC 8 1 2.496 14.474 28.916 53.407 38.179 0.600 16.847 
FC 10 1 2.028 10.311 19.876 31.959 22.269 0.283 9.383 
FC 22 1 2.829 13.010 32.928 78.468 44.745 0.389 20.361 
UC 2 1 1.879 7.429 5.608 4.590 0.952 0.289 1.097 
UC 13 1 1.487 3.104 4.504 2.229 0.290 2.259 0.706 
UC 20 1 2.463 6.399 6.770 4.306 0.352 0.355 1.029 
UC 24 1 2.200 10.858 8.987 5.624 0.320 0.283 0.716 
D1 1 2 3.469 19.792 15.769 10.097 0.686 16.060 2.308 
D1 12 2 3.190 24.661 26.355 12.672 0.941 16.617 3.802 




D1 7 2 3.492 36.020 36.293 15.700 1.426 1.910 3.591 
D2 11 2 3.488 24.601 27.218 13.176 0.958 11.773 4.162 
D2 16 2 4.757 19.480 17.781 9.917 1.090 31.161 1.577 
D2 5 2 2.746 21.774 25.834 10.947 0.917 1.120 3.481 
D3 17 2 2.910 16.090 19.971 9.157 1.192 2.021 4.671 
D3 18 2 3.536 14.007 19.287 7.793 1.196 2.274 4.455 
D3 19 2 3.509 18.221 27.142 10.200 1.066 4.974 3.763 
D3 3 2 2.984 14.274 17.921 8.823 1.311 1.930 2.987 
D4 21 2 4.547 49.153 31.976 20.932 1.128 4.765 2.017 
D4 23 2 4.413 58.612 40.913 25.494 1.167 3.951 2.253 
D4 4 2 3.514 24.048 23.253 14.735 0.764 4.783 3.280 
D4 9 2 3.917 41.779 27.904 17.637 0.898 3.613 1.943 
FC 10 2 3.584 36.205 29.954 18.063 1.912 3.902 1.434 
FC 15 2 N/A N/A N/A N/A N/A N/A N/A 
FC 22 2 4.730 38.806 27.852 20.663 1.896 9.626 2.463 
FC 8 2 3.732 29.498 27.110 18.945 1.624 2.809 2.330 
UC 13 2 4.619 26.969 24.279 12.562 0.622 1.802 3.119 
UC 2 2 3.894 43.585 36.867 18.828 0.603 1.627 3.731 
UC 20 2 3.386 23.344 23.711 11.478 0.521 2.747 2.064 
UC 24 2 4.098 76.431 39.905 19.805 0.686 3.935 1.371 
D1 1 3 4.018 14.890 13.363 7.866 0.577 20.958 1.710 
D1 12 3 3.138 15.580 20.576 8.706 0.763 28.138 4.753 
D1 14 3 3.477 23.450 25.025 10.772 0.653 17.341 3.748 
D1 7 3 2.670 15.120 21.694 9.091 0.633 3.667 2.753 
D2 11 3 3.252 30.901 26.955 13.810 0.521 18.474 2.379 
D2 16 3 3.617 15.114 19.893 10.488 1.197 16.352 1.972 
D2 5 3 2.977 18.820 24.308 9.104 0.673 4.577 4.523 
D2 6 3 3.152 19.884 27.136 10.654 0.634 17.503 5.173 
D3 17 3 3.009 11.768 17.684 7.850 0.826 3.462 3.160 
D3 18 3 3.467 16.783 27.536 9.979 0.758 4.420 3.838 
D3 19 3 3.018 9.806 14.077 5.443 0.748 7.495 3.730 
D3 3 3 2.928 7.681 13.299 5.976 0.777 2.041 2.947 
D4 21 3 3.429 28.258 23.014 14.649 0.561 1.503 1.266 
D4 23 3 3.218 21.785 23.808 13.096 0.585 1.711 0.763 
D4 4 3 3.081 14.885 14.881 9.288 0.458 2.739 1.222 
D4 9 3 3.392 27.584 28.322 14.279 0.520 2.716 1.071 
FC 10 3 3.103 20.206 22.837 12.845 0.997 2.513 0.673 
FC 15 3 3.329 14.137 13.128 10.854 1.175 4.439 1.741 
FC 22 3 3.207 17.841 14.965 10.774 0.759 9.048 1.027 




UC 13 3 3.432 14.613 16.079 7.861 0.399 1.470 0.761 
UC 2 3 3.042 19.963 19.790 8.590 0.274 0.746 0.609 
UC 20 3 3.755 36.598 31.851 14.228 0.365 1.185 1.619 
UC 24 3 3.745 42.250 31.608 16.624 0.327 1.311 0.563 
D1 1 4 5.182 39.521 33.297 15.534 1.143 7.255 0.924 
D1 12 4 4.792 37.705 26.934 18.159 1.321 9.421 1.269 
D1 14 4 4.133 30.431 26.289 14.532 0.919 4.900 1.106 
D1 7 4 3.840 27.878 23.752 13.064 0.789 5.243 0.836 
D2 11 4 4.296 36.975 26.990 15.940 0.869 5.460 0.954 
D2 16 4 4.560 43.225 37.311 18.626 1.225 6.512 1.194 
D2 5 4 3.841 35.211 30.242 16.747 0.822 3.959 1.162 
D2 6 4 4.082 33.429 27.177 15.468 0.859 9.649 1.009 
D3 17 4 3.393 24.705 21.241 11.966 0.787 3.792 0.812 
D3 18 4 5.430 36.801 38.960 19.919 1.014 5.699 1.621 
D3 19 4 5.012 26.459 27.470 16.373 1.180 6.299 1.033 
D3 3 4 4.032 16.044 26.305 10.867 0.668 1.997 0.950 
D4 21 4 4.773 60.619 51.090 31.218 0.729 3.172 1.148 
D4 23 4 4.589 37.985 39.350 22.946 0.724 2.840 1.372 
D4 4 4 4.085 35.586 27.238 16.382 0.677 2.373 0.997 
D4 9 4 4.810 45.398 43.791 22.588 0.595 3.729 1.188 
FC 10 4 4.602 34.138 32.565 18.804 1.244 2.870 1.237 
FC 22 4 5.571 39.924 40.855 24.921 1.546 5.903 1.055 
FC 8 4 4.473 41.049 36.242 20.964 1.160 4.682 0.969 
UC 13 4 4.051 32.971 32.217 13.654 0.296 1.276 0.991 
UC 2 4 4.914 44.798 42.172 17.694 0.366 1.307 1.144 
UC 20 4 4.408 40.749 32.454 16.145 0.270 1.829 0.887 
UC 24 4 4.748 71.106 64.664 29.057 0.461 3.728 1.247 
D1 1 5 6.511 52.586 46.662 26.209 1.132 4.311 1.093 
D1 12 5 5.913 58.231 52.495 31.041 1.129 6.414 1.411 
D1 14 5 6.603 53.273 44.224 26.732 1.497 8.071 1.215 
D1 7 5 5.421 39.464 38.118 20.866 1.121 1.965 1.815 
D2 11 5 6.064 77.461 64.420 31.208 1.294 8.154 1.689 
D2 16 5 7.008 57.159 36.907 N/A 1.784 10.764 2.191 
D2 5 5 5.324 39.790 31.321 20.407 0.794 5.686 1.502 
D2 6 5 4.954 30.914 24.680 16.738 0.658 14.402 1.717 
D3 17 5 5.707 35.908 37.370 19.955 1.021 4.958 0.864 
D3 18 5 7.317 49.850 38.345 20.192 1.177 7.999 1.705 
D3 19 5 6.561 44.734 39.666 22.751 1.987 6.498 2.675 
D3 3 5 5.648 22.752 22.991 14.098 0.692 N/A 0.934 




D4 23 5 5.930 55.918 55.319 28.130 0.651 2.326 1.224 
D4 4 5 5.573 45.791 42.243 25.460 0.525 1.355 1.112 
D4 9 5 6.412 62.263 49.225 33.050 1.037 2.953 1.699 
FC 10 5 6.938 73.523 66.521 38.998 1.630 2.812 1.407 
FC 15 5 6.968 67.059 64.474 N/A 3.277 2.857 2.764 
FC 22 5 6.728 77.276 75.242 36.105 2.182 6.852 1.198 
FC 8 5 6.061 47.135 47.925 29.418 2.292 2.080 1.667 
UC 13 5 7.179 60.864 60.518 24.928 0.391 3.051 0.702 
UC 2 5 5.887 53.355 41.660 22.101 1.357 0.949 1.753 
UC 20 5 5.969 63.830 51.186 21.903 0.275 0.856 2.189 
UC 24 5 6.226 92.671 78.827 33.744 0.546 0.999 1.386 
D1 1 6 2.905 17.919 16.901 8.595 0.545 2.770 0.702 
D1 7 6 3.049 31.950 24.918 12.088 0.581 1.191 0.734 
D1 12 6 3.408 21.735 18.771 11.328 0.608 2.803 0.779 
D1 14 6 3.045 13.293 10.571 7.248 0.572 2.950 0.398 
D2 5 6 2.757 24.648 22.786 10.235 0.622 2.460 0.563 
D2 6 6 3.178 13.741 14.210 7.740 0.750 1.931 0.636 
D2 11 6 2.885 24.395 14.949 10.451 0.597 3.483 0.612 
D2 16 6 3.024 15.086 11.083 7.347 0.510 3.775 0.487 
D3 3 6 3.089 20.166 18.338 9.742 0.674 3.298 0.626 
D3 17 6 2.491 16.860 14.031 9.322 0.450 1.548 0.546 
D3 18 6 3.640 19.560 12.280 9.004 0.837 5.491 0.519 
D3 19 6 3.129 10.931 7.137 5.729 0.587 2.770 0.370 
D4 4 6 3.598 28.534 20.953 12.393 0.741 2.268 0.530 
D4 9 6 2.973 18.114 18.298 10.073 0.439 N/A 0.714 
D4 21 6 3.290 30.454 25.608 15.177 0.415 2.990 0.747 
D4 23 6 3.322 21.886 20.969 12.954 0.412 2.988 0.413 
FC 8 6 3.866 27.823 25.200 13.390 0.971 4.334 0.531 
FC 10 6 3.405 21.820 24.142 12.639 0.765 3.864 0.350 
FC 15 6 3.372 17.070 11.671 9.337 0.746 4.014 0.827 
FC 22 6 4.219 30.690 28.187 18.652 1.329 3.266 0.625 
UC 2 6 2.974 26.522 23.753 9.758 0.259 1.162 0.450 
UC 13 6 4.312 24.075 22.332 11.923 0.340 3.231 0.901 
UC 20 6 4.634 33.295 26.315 15.215 0.324 1.738 0.727 
UC 24 6 3.403 50.485 32.220 16.491 0.631 2.489 0.457 
D1 1 7 5.897 38.638 42.859 23.508 0.344 1.689 1.194 
D1 7 7 5.185 45.870 28.710 16.275 0.843 2.328 1.943 
D1 12 7 4.620 27.594 27.409 14.712 0.651 1.820 1.249 
D1 14 7 4.878 40.539 42.383 21.151 0.585 2.458 2.236 




D2 6 7 N/A N/A N/A N/A N/A N/A N/A 
D2 11 7 4.463 43.723 43.616 21.333 0.653 1.854 1.347 
D2 16 7 4.961 19.998 26.387 13.589 0.327 1.349 1.007 
D3 3 7 5.221 21.383 21.001 14.367 0.513 1.846 1.344 
D3 17 7 4.734 27.278 26.316 13.148 0.555 1.349 1.434 
D3 18 7 5.518 23.209 23.490 14.930 1.728 4.647 0.994 
D3 19 7 5.193 33.599 29.380 18.067 1.453 2.973 1.660 
D4 4 7 N/A N/A N/A N/A N/A N/A N/A 
D4 9 7 5.491 39.633 36.550 20.629 0.335 0.992 1.671 
D4 21 7 4.776 45.138 40.009 21.946 0.506 0.910 1.446 
D4 23 7 N/A N/A N/A N/A N/A N/A N/A 
FC 8 7 5.539 42.856 35.701 20.076 1.765 1.668 1.192 
FC 10 7 5.707 45.641 44.004 28.928 1.485 3.480 1.255 
FC 15 7 5.395 46.105 46.474 25.631 6.743 1.738 2.139 
FC 22 7 5.279 28.786 36.225 23.519 1.140 2.692 0.607 
UC 2 7 4.533 28.618 23.539 12.896 0.435 1.151 1.108 
UC 13 7 5.627 30.624 30.302 15.781 0.423 1.129 1.875 
UC 20 7 5.443 37.564 31.180 17.192 0.241 0.973 1.656 
UC 24 7 5.160 67.583 55.062 25.565 0.743 0.960 1.172 
D1 1 8 3.257 23.056 24.821 11.316 0.421 2.984 0.833 
D1 7 8 3.516 18.754 15.768 9.853 0.502 1.450 0.717 
D1 12 8 3.134 24.039 27.895 12.505 0.417 6.211 0.846 
D1 14 8 3.358 28.311 26.495 13.501 0.396 4.598 0.634 
D2 5 8 3.777 N/A 36.481 14.891 0.479 1.891 0.750 
D2 6 8 2.788 24.606 27.613 12.339 0.378 2.146 0.888 
D2 11 8 3.346 24.064 25.360 12.793 0.737 3.549 1.050 
D2 16 8 2.751 14.714 14.093 6.990 0.332 2.955 0.698 
D3 3 8 3.089 12.318 13.249 7.424 0.383 1.782 0.539 
D3 17 8 2.849 15.723 18.583 8.653 0.442 1.550 0.469 
D3 18 8 3.328 15.558 15.644 8.013 0.731 4.658 0.799 
D3 19 8 3.347 15.068 10.118 6.888 0.473 2.641 0.756 
D4 4 8 3.611 31.451 39.604 15.473 0.526 3.274 1.124 
D4 9 8 3.325 16.499 17.857 9.002 0.339 3.082 0.985 
D4 21 8 4.603 31.610 35.206 17.556 0.381 3.324 1.092 
D4 23 8 3.296 23.100 21.325 11.693 0.364 3.167 0.695 
FC 8 8 3.600 22.855 28.262 12.883 0.453 3.117 0.698 
FC 10 8 3.858 30.788 31.147 14.665 0.580 4.493 1.243 
FC 15 8 3.712 26.574 25.292 12.643 0.866 6.641 0.918 
FC 22 8 3.531 20.153 23.225 13.028 0.613 2.715 1.004 




UC 13 8 4.173 28.278 19.412 10.958 0.298 2.752 0.757 
UC 20 8 3.665 26.143 17.197 11.471 0.264 1.617 0.657 
UC 24 8 3.283 28.576 19.973 10.892 0.283 1.830 0.615 
D1 7 9 5.055 48.446 44.396 21.868 0.763 0.843 1.180 
D1 14 9 4.185 26.278 21.879 12.271 0.575 0.949 0.930 
D1 1 9 5.251 36.018 36.758 16.852 0.859 1.399 1.338 
D1 12 9 4.805 43.819 47.289 21.198 0.555 1.289 1.005 
D2 6 9 4.075 24.386 32.034 14.615 0.337 2.566 0.700 
D2 11 9 3.995 32.126 33.322 15.908 1.234 1.437 0.779 
D2 16 9 5.671 33.149 42.953 18.359 1.087 1.942 1.727 
D2 5 9 5.640 40.834 44.131 20.426 0.865 1.769 1.061 
D3 3 9 5.636 31.699 32.345 17.198 0.958 1.433 1.461 
D3 19 9 5.027 18.161 22.753 11.243 1.057 1.211 0.821 
D3 17 9 4.511 26.270 31.313 13.944 0.587 0.831 1.069 
D3 18 9 4.963 26.154 29.048 14.066 1.152 1.746 1.206 
D4 23 9 4.170 32.464 32.902 18.214 0.499 0.969 0.452 
D4 21 9 5.631 44.973 51.915 23.095 0.794 1.112 1.046 
D4 4 9 3.656 30.928 29.417 13.858 0.453 1.045 0.704 
D4 9 9 4.873 28.319 32.100 15.753 0.395 0.807 0.911 
FC 10 9 4.630 28.341 31.597 15.264 0.584 1.433 0.640 
FC 15 9 5.062 30.310 35.367 18.593 0.908 2.600 0.606 
FC 22 9 4.961 30.481 41.028 18.824 0.934 1.198 0.982 
FC 8 9 5.032 19.804 25.495 14.357 0.947 1.494 0.829 
UC 2 9 5.089 40.954 45.151 16.837 0.445 1.071 0.502 
UC 13 9 4.723 25.869 24.555 11.937 0.300 0.733 1.188 
UC 20 9 4.794 37.573 29.378 13.971 0.344 0.639 0.854 
UC 24 9 5.578 62.225 52.353 22.397 0.446 0.650 0.909 
 
 
Table A.2. Measurement Variables for Leachate 











(mg) TP (mg) 
D1 6-1 1 1 42 1.276 0.794 5.343 217.416 30.247 1.962 
D1 6-3 7 1 43 0.000 0.000 0.000 0.000 0.000 0.000 
D1 6-4 12 1 52 0.000 0.000 0.000 0.000 0.000 0.000 
D1 6-2 14 1 45 1.159 0.405 3.861 411.824 418.683 1.456 
D2 3-4 5 1 55 0.000 0.000 0.000 0.000 0.000 0.000 




D2 3-3 11 1 48 0.000 0.000 0.000 0.000 0.000 0.000 
D2 3-2 16 1 54 0.146 0.082 0.747 25.809 5.932 0.188 
D3 12-2 3 1 30 0.000 0.000 0.000 0.000 0.000 0.000 
D3 12-3 17 1 35 0.000 0.000 0.000 0.000 0.000 0.000 
D3 12-4 18 1 25 0.000 0.000 0.000 0.000 0.000 0.000 
D3 12-1 19 1 33 0.779 0.517 6.079 170.480 57.734 1.509 
D4 9-4 4 1 37 0.848 0.242 3.330 422.134 119.536 0.839 
D4 9-2 9 1 39 1.433 0.578 6.453 405.585 305.502 1.578 
D4 9-1 21 1 46 0.000 0.000 0.000 0.000 0.000 0.000 
D4 9-3 23 1 47 1.336 1.335 4.274 379.361 547.435 2.375 
FC 13-4 8 1 44 0.833 0.255 3.046 331.873 295.725 0.912 
FC 13-2 10 1 40 1.841 22.247 7.465 514.618 1273.89 7.831 
FC 13-1 15 1 49 1.388 1.763 3.740 399.934 450.861 2.393 
FC 13-3 22 1 50 0.922 1.486 5.319 447.877 806.980 1.762 
UC 14-3 2 1 41 2.924 0.887 3.661 687.389 2.420 2.531 
UC 14-1 13 1 53 3.320 1.502 3.875 596.454 0.000 3.053 
UC 14-2 20 1 38 2.702 0.729 2.938 594.232 0.299 2.422 
UC 14-4 24 1 56 1.320 0.424 1.930 449.105 0.000 1.163 
D1   1 2 82 0.894 0.106 0.926 300.255 0.000 0.397 
D1   7 2 66 0.436 0.085 2.303 156.856 0.526 0.216 
D1   12 2 91 0.727 0.073 0.829 188.303 0.000 0.222 
D1   14 2 57 0.823 0.146 5.093 357.679 0.000 0.341 
D2   5 2 84 0.779 0.192 13.112 342.757 0.000 0.843 
D2   6 2 58 0.698 0.095 3.239 244.500 0.439 0.343 
D2   11 2 89 0.801 0.061 1.430 377.498 0.000 0.282 
D2   16 2 65 0.030 0.009 0.029 19.630 N/A N/A 
D3   3 2 67 0.126 0.047 1.174 98.547 0.000 0.085 
D3   17 2 83 1.042 0.193 11.805 496.953 0.000 0.623 
D3   18 2 62 0.214 0.043 3.281 123.363 N/A N/A 
D3   19 2 90 0.408 0.072 0.636 101.133 0.000 0.222 
D4   4 2 60 0.914 0.105 0.784 569.840 0.000 0.207 
D4   9 2 88 0.286 0.007 0.111 198.327 0.000 0.078 
D4   21 2 64 0.198 0.023 0.164 293.062 0.000 0.034 
D4   23 2 87 0.304 0.004 0.161 288.361 0.000 0.050 
FC   8 2 86 0.020 0.000 0.000 0.000 0.000 0.000 
FC   10 2 68 0.111 0.015 0.083 0.269 0.000 0.022 
FC   15 2 59 0.280 0.046 0.265 291.943 0.000 0.082 
FC   22 2 81 0.090 0.010 0.108 87.312 0.000 0.031 
UC   2 2 61 1.526 0.241 1.027 314.697 0.000 0.421 
UC   13 2 85 0.143 0.030 0.182 57.312 0.000 0.049 
UC   20 2 92 0.216 0.040 0.359 0.693 0.000 0.063 




D1   1 3 104 0.389 0.035 0.103 236.815 0.000 0.127 
D1   7 3 74 0.913 0.205 11.044 1697.03 0.000 0.974 
D1   12 3 96 0.612 0.079 0.563 297.153 0.000 0.301 
D1   14 3 75 0.390 0.031 1.161 136.301 0.000 0.195 
D2   5 3 99 0.701 0.161 11.660 293.098 0.000 0.714 
D2   6 3 76 0.596 0.090 3.655 231.778 0.000 0.295 
D2   11 3 103 0.593 0.080 0.874 498.038 0.000 0.301 
D2   16 3 70 0.190 0.039 0.225 226.131 0.000 0.071 
D3   3 3 77 0.778 0.151 9.415 489.049 0.000 0.921 
D3   17 3 101 0.705 0.176 10.092 319.298 0.000 0.672 
D3   18 3 73 0.421 0.137 5.865 2.311 0.000 0.443 
D3   19 3 95 0.593 0.152 3.079 454.817 0.000 0.500 
D4   4 3 72 0.687 0.044 0.642 781.270 0.000 0.238 
D4   9 3 97 0.681 0.052 0.505 2.896 0.000 0.236 
D4   21 3 69 0.695 0.123 0.883 3.082 0.000 0.268 
D4   23 3 98 0.661 0.055 0.218 965.673 0.000 0.240 
FC   8 3 93 0.263 0.023 0.098 1.178 0.000 0.093 
FC   10 3 80 0.422 0.065 0.241 1.397 0.000 0.162 
FC   15 3 71 0.414 0.075 0.307 1.726 0.000 0.152 
FC   22 3 102 0.447 0.034 0.127 2.104 0.000 0.113 
UC   2 3 78 0.547 0.077 0.245 152.401 0.000 0.233 
UC   13 3 94 0.319 0.028 0.129 108.610 0.000 0.105 
UC   20 3 100 0.659 0.144 0.372 239.903 0.000 0.276 
UC   24 3 79 0.181 0.040 0.121 107.030 0.000 0.031 
D1   1 4 145 0.097 0.009 0.084 93.056 0.000 0.036 
D1   7 4 109 0.429 0.059 0.279 261.377 0.000 0.149 
D1   12 4 130 0.137 0.011 0.103 0.599 N/A N/A 
D1   14 4 120 0.094 0.047 0.106 0.488 0.000 0.287 
D2   5 4 129 0.111 0.008 0.114 0.289 0.000 0.029 
D2   6 4 118 0.107 0.011 0.083 72.028 0.000 0.040 
D2   11 4 110 0.099 0.014 0.072 105.021 0.000 0.034 
D2   16 4 117 0.285 0.031 0.231 204.376 0.000 0.080 
D3   3 4 141 0.422 0.050 0.219 335.687 0.000 0.153 
D3   17 4 146 0.358 0.046 0.292 250.248 0.000 0.146 
D3   18 4 131 0.108 0.005 0.095 0.416 0.000 0.026 
D3   19 4 106 0.016 0.002 0.013 0.056 N/A N/A 
D4   4 4 132 0.039 0.001 0.036 0.185 N/A N/A 
D4   9 4 119 0.264 0.059 0.244 1.082 0.000 0.083 
D4   21 4 121 0.052 0.006 0.046 0.180 0.000 0.017 
D4   23 4 134 0.317 0.034 0.164 188.511 0.000 0.106 
FC   8 4 108 0.050 0.006 0.048 0.258 0.000 0.016 




FC   15 4 105 0.001 0.000 0.000 0.000 0.000 0.000 
FC   22 4 144 0.205 0.028 0.190 0.640 0.000 0.088 
UC   2 4 107 0.126 0.015 0.096 67.574 0.000 0.042 
UC   13 4 143 0.399 0.066 0.294 155.152 0.000 0.204 
UC   20 4 142 0.066 0.007 0.053 31.045 N/A N/A 
UC   24 4 122 0.015 0.003 0.019 5.933 N/A N/A 
D1   1 5 148 0.509 0.092 0.318 180.757 0.000 0.197 
D1   7 5 112 1.553 0.157 0.807 615.620 0.000 0.687 
D1   12 5 135 0.635 0.105 0.343 572.777 0.000 0.218 
D1   14 5 125 0.670 0.107 0.394 3.360 0.000 0.223 
D2   5 5 139 1.063 0.248 0.702 641.202 0.000 0.439 
D2   6 5 126 1.085 0.175 0.696 762.204 1.099 0.384 
D2   11 5 116 0.692 0.095 0.428 525.308 0.000 0.238 
D2   16 5 124 0.537 0.088 0.303 614.776 0.000 0.184 
D3   3 5 152 0.984 0.164 0.559 608.206 0.000 0.387 
D3   17 5 151 1.045 0.193 0.983 578.362 0.000 0.512 
D3   18 5 137 0.590 0.092 0.455 597.251 0.000 0.280 
D3   19 5 115 0.628 0.095 0.440 465.995 0.000 0.231 
D4   4 5 140 0.643 0.092 0.371 3.059 0.000 0.186 
D4   9 5 123 1.050 0.161 0.451 1094.94 0.000 0.340 
D4   21 5 127 0.663 0.103 0.354 2.798 0.000 0.205 
D4   23 5 138 0.688 0.098 0.343 3.656 0.000 0.226 
FC   8 5 111 0.276 0.040 0.203 1.198 0.000 0.096 
FC   10 5 136 0.660 0.127 0.340 2.054 0.000 0.259 
FC   15 5 114 0.189 0.033 0.096 0.893 0.000 0.076 
FC   22 5 147 0.650 0.110 0.495 1.794 0.000 0.284 
UC   2 5 113 0.759 0.107 0.356 203.637 0.000 0.260 
UC   13 5 149 0.751 0.119 0.543 668.413 0.426 0.332 
UC   20 5 150 0.924 0.168 0.568 190.658 0.000 0.333 
UC   24 5 128 0.474 0.074 0.365 321.817 0.000 0.164 
D1   1 6 192 0.358 0.000 0.168 274.949 0.000 0.092 
D1   7 6 177 0.592 0.047 0.231 238.290 0.000 0.344 
D1   12 6 179 0.248 0.010 0.141 176.055 0.000 0.081 
D1   14 6 169 0.580 0.067 0.381 444.961 0.000 0.187 
D2   5 6 189 0.717 0.094 0.476 276.400 0.000 0.384 
D2   6 6 190 0.589 0.050 0.311 302.776 0.000 0.306 
D2   11 6 193 0.509 0.022 0.250 359.802 0.000 0.218 
D2   16 6 194 0.320 0.014 0.186 332.378 0.000 0.144 
D3   3 6 191 0.616 0.056 0.226 245.269 0.000 0.288 
D3   17 6 180 0.388 0.017 0.125 156.668 0.000 0.130 
D3   18 6 155 0.245 0.024 0.114 231.329 0.000 0.076 




D4   4 6 166 0.084 0.006 0.050 74.573 0.000 0.022 
D4   9 6 168 0.665 0.051 0.432 424.664 0.000 0.213 
D4   21 6 182 0.268 0.013 0.203 320.109 0.000 0.129 
D4   23 6 170 0.242 0.012 0.105 187.917 0.000 0.065 
FC   8 6 154 0.000 0.000 0.000 0.000 0.000 0.000 
FC   10 6 158 0.074 0.021 0.071 93.354 0.000 0.042 
FC   15 6 181 0.015 0.001 0.020 0.000 N/A N/A 
FC   22 6 165 0.066 0.006 0.037 89.094 0.000 0.022 
UC   2 6 156 0.207 0.022 0.093 82.380 0.000 0.073 
UC   13 6 178 0.042 0.000 0.017 16.819 N/A N/A 
UC   24 6 153 0.133 0.014 0.073 84.943 0.000 0.071 
D1   1 7 197 0.676 0.082 0.227 510.642 0.000 0.167 
D1   7 7 184 0.745 0.143 0.453 309.211 0.000 0.330 
D1   12 7 188 0.986 0.134 0.401 824.853 0.000 0.292 
D1   14 7 171 1.065 0.171 0.611 713.492 0.000 0.221 
D2   5 7 196 0.927 0.181 0.826 410.825 0.000 0.343 
D2   6 7 200 0.883 0.156 0.448 412.210 0.000 0.352 
D2   11 7 198 0.967 0.145 0.331 4.921 0.000 0.318 
D2   16 7 199 0.741 0.093 0.510 755.360 0.000 0.267 
D3   3 7 195 0.894 0.167 0.329 327.836 0.000 0.296 
D3   17 7 187 1.033 0.158 0.455 431.715 0.000 0.329 
D3   18 7 164 0.591 0.080 0.250 400.641 0.000 0.189 
D3   19 7 162 1.072 0.154 0.490 738.622 0.000 0.353 
D4   4 7 172 0.564 0.057 0.608 281.458 0.000 0.124 
D4   9 7 173 1.054 0.133 0.785 538.022 0.000 0.299 
D4   21 7 186 0.931 0.090 0.501 583.339 0.000 0.308 
D4   23 7 175 0.758 0.076 0.430 714.889 0.000 0.196 
FC   8 7 160 0.276 0.038 0.092 0.600 0.000 0.090 
FC   10 7 161 0.685 0.133 0.302 728.027 0.000 0.257 
FC   15 7 183 0.404 0.063 0.181 0.725 0.000 0.156 
FC   22 7 174 0.519 0.062 0.459 689.726 0.000 0.222 
UC   2 7 163 1.025 0.141 0.311 168.812 0.000 0.329 
UC   13 7 185 0.527 0.072 0.192 197.152 0.000 0.140 
UC   20 7 176 0.692 0.104 0.462 113.151 0.000 0.200 
UC   24 7 159 0.772 0.127 0.413 355.238 0.000 0.233 
D1   1 8 228 0.558 0.068 0.424 253.410 0.000 0.208 
D1   7 8 205 0.495 0.093 0.451 164.245 0.000 0.252 
D1   12 8 238 0.223 0.034 0.169 131.554 0.000 0.096 
D1   14 8 202 0.529 0.097 0.414 255.167 0.000 0.276 
D2   5 8 227 0.743 0.174 0.537 211.027 0.000 0.438 
D2   6 8 237 0.329 0.057 0.217 121.538 0.000 0.137 




D2   16 8 240 0.314 0.032 0.323 204.004 0.000 0.088 
D3   3 8 201 0.544 0.292 0.340 111.696 0.000 0.308 
D3   17 8 242 0.482 0.098 0.441 141.233 0.000 0.280 
D3   18 8 230 0.396 0.061 0.415 183.744 0.000 0.230 
D3   19 8 218 0.589 0.114 0.458 269.570 0.000 0.332 
D4   4 8 226 0.039 0.004 0.056 38.864 0.008 0.039 
D4   9 8 229 0.485 0.068 0.458 189.480 0.000 0.222 
D4   21 8 239 0.136 0.018 0.130 104.604 0.000 0.067 
D4   23 8 216 0.167 0.020 0.136 88.633 0.000 0.067 
FC   8 8 225 0.000 0.000 0.000 0.000 0.000 0.000 
FC   10 8 214 0.000 0.000 0.000 0.000 0.000 0.000 
FC   15 8 215 0.000 0.000 0.000 0.000 0.000 0.000 
FC   22 8 241 0.000 0.000 0.000 0.000 0.000 0.000 
UC   2 8 213 0.000 0.000 0.000 0.000 0.000 0.000 
UC   13 8 203 0.000 0.000 0.000 0.000 0.000 0.000 
UC   20 8 206 0.040 0.004 0.042 3.008 0.321 0.138 
UC   24 8 204 0.106 0.014 0.152 26.889 N/A N/A 
D1   1 9 231 0.958 0.104 0.744 365.078 0.000 0.268 
D1   7 9 207 0.812 0.115 0.464 123.276 0.000 0.340 
D1   12 9 243 0.933 0.110 0.349 343.363 0.000 0.312 
D1   14 9 210 1.147 0.183 0.831 428.274 0.000 0.427 
D2   5 9 233 1.001 0.209 0.544 295.138 0.000 0.417 
D2   6 9 248 1.407 0.184 0.519 409.827 0.000 0.451 
D2   11 9 220 0.745 0.090 0.250 511.929 0.000 0.179 
D2   16 9 244 0.821 0.096 0.370 597.474 0.000 0.211 
D3   3 9 209 0.769 0.157 0.477 128.762 0.000 0.330 
D3   17 9 246 0.961 0.168 0.569 206.319 0.000 0.401 
D3   18 9 234 0.667 0.097 0.380 263.425 0.000 0.295 
D3   19 9 223 0.851 0.136 0.313 349.771 0.000 0.318 
D4   4 9 232 0.665 0.091 0.311 348.214 0.000 0.214 
D4   9 9 236 1.099 0.160 0.476 378.508 0.000 0.366 
D4   21 9 245 0.853 0.113 0.437 413.346 0.000 0.262 
D4   23 9 221 0.609 0.054 0.321 343.108 0.000 0.176 
FC   8 9 235 0.302 0.039 0.109 0.745 0.000 0.116 
FC   10 9 222 0.560 0.089 0.174 386.454 0.000 0.243 
FC   15 9 224 0.214 0.027 0.053 0.594 0.000 0.073 
FC   22 9 247 0.587 0.063 0.347 605.665 0.000 0.203 
UC   2 9 219 0.508 0.080 0.246 96.478 0.000 0.166 
UC   13 9 212 0.370 0.057 0.247 152.235 0.000 0.113 
UC   20 9 211 0.657 0.114 0.416 78.773 0.000 0.231 
UC   24 9 208 0.769 0.118 0.381 247.178 0.000 0.256 
 
 
